This paper presents a non-linear numerical study to investigate the effect of chip dimension and substrate thickness on the solder joint reliability of plastic ball grid array (PBGA) packages. The package under investigation was a 225-pin full-grid PBGA assembly. The diagonal cross-section of the PBGA together with the printed circuit board (PCB) was modelled by plane-strain elements. A uniform thermal loading was applied and the solder joints were stressed due to the mismatch of coefficient of thermal expansion (CTE) and constructions of the PCB assembly. The effective stress and accumulated plastic strain of solder balls against various chip dimensions and substrate thicknesses were evaluated as an index for the reliability of solder joints. The results of this study are helpful for electronics packaging engineers to optimise the geometry of plastic ball grid array packages.
INTRODUCTION
Due to requirements for mass production and high performance, surface mount technology (SMT) was developed and has become mature in the past decade. SMT has been successfully applied to many conventional electronics modules such as small outline packages (SOPs) and quad flat pack packages (QFPs). Since pin counts are becoming larger and larger, area array technology has attracted increasing attention in recent years. In particular, the plastic ball grid array package (PBGA) provides a good balance between performance and production cost. Therefore, it is foreseeable that, for high pin-count (say, >= 208) applications, PBGAs will become the main trend in SMT-compatible electronics packaging.
It is well known that thermal fatigue is the major cause of failure in electronics assemblies.1 In particular, the solder joints in ball grid array packages are susceptible to thermal cyclic loading.2 The fatigue life and reliability of solder joints are very much dependent on the mismatch in coefficient of thermal expansion (CTE) of constituents of the package. 3 In general, since the PBGA has an organic substrate, the thermal mismatch between the module and the printed circuit board (PCB) is not as crucial as other area array packages such as ceramic BGAs. However, due to the existence of silicon die, the solder balls underneath the edge of the chip are still subjected to considerable high thermal stress.2 Hence, the reliability of PBGA solder joints has attracted attention from many researchers and the industry.
The reliability of solder joints in PBGAs has been studied by Lau4 and others3 for some specific package configurations. In this paper, a series of finite element analyses was performed to study the effect of chip
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Abstract dimension and substrate thickness on solder joint reliability for various configurations. The system under investigation was a 225-pin full-grid PBGA assembled on a PCB and subjected to uniform thermal loading. The effective stress and accumulated plastic strain of the solder were evaluated as an index for the reliability of the solder joints. The results of this study are helpful for electronics packaging engineers to optimise the geometry of plastic full grid array packages.
COMPUTATIONAL MODELLING
The package studied in this paper was a 225-pin full-grid PBGA with a BT substrate. The solder material was 63Sn/37Pb eutectic solder. The pitch between solder balls was 1.5 mm. The package was assembled on an FR-4 PCB. Since the thermal loading is most critical in the largest planar dimension, the diagonal crosssection was considered. A schematic diagram for the layout and geometric dimensions of the package is shown in Figure 1 .
The present study was carried out using a commercial finite element code, ANSYS. A two-dimensional plane strain analysis was performed on the diagonal cross-section of the package. The element used was an 8-node quadrilateral element. By symmetry, only a half of the cross-section was modelled. A typical mesh pattern is shown in Figure 2 . The whole package was subjected to a uniform temperature loading from 0°C to 85°C. All materials were assumed to be linear-elastic except that the solder was elasto-plastic. For the purpose of this study, no temperature dependency was considered. The material properties are given in Table  1 .
EFFECT OF CHIP SIZE AND THICKNESS ON PBGA SOLDER JOINT RELIABILITY
The objective of the present study was to investigate the effect of relative dimensions between the chip and the BT substrate on the solder joints of PBGA. Twelve cases were studied with various dimensions of chip width (a) and thickness (b) while keeping the width A=27 mm) and thickness (B=0.27 mm) of the BT substrate constant. These cases included a/A = 0.2, 0. Figure 3 shows the profile of the maximum effective stress in each solder ball. Four cases are presented. The chip width varies with respect to the width of the BT substrate, while the chip thickness remains unchanged. In all cases, the global maximum effective stress occurs in the solder ball underneath the edge of the chip. This phenomenon is due to the substantial mismatch in CTE between the silicon die, the BT substrate and the FR-4 PCB. Although the BT substrate has a similar CTE to FR-4, the effect from the chip is still essential since the BT substrate is relatively thin.
Another observation from the results is that the global maximum effective stress in solder joints increases as the chip size increases. The relationship between the increases of effective stress in solder and the chip size tends to be of a linear nature. This phenomenon is reasonable since the mismatch in displacement is proportional to the dimension when the thermal strain remains constant. The profile of the maximum accumulated effective plastic strain in each solder ball is presented in Figure 4 . This figure shows similar trends to those observed in Figure 3 , namely the global maximum value always occurs at the solder ball underneath the edge of the die; the global maximum value increases as the chip size increases; the relationship between the increases of plastic strain in solder and the chip size is of a linear nature.
In summary, Figures 3 and 4 indicate that the solder joint reliability of PBGAs will considerably decrease if the planar size of the chip increases. Note that these two figures only represent the cases with a specific chip thickness b/B=3. Further analysis has been performed for b/B=1 and 2. In all cases, the aforementioned trends were observed.
The effects of chip thickness on the stress and plastic strain of solder joints are presented in Figures 5 and 6 , respectively. In both figures, the relative width between the chip and the BT substrate is fixed at a/A= 0.5, while the chip thickness varies for b/B= 1,2 and 3. It is observed that the global maximum value always occurs at the same location, i.e., the solder ball underneath the edge of the chip. In addition, the global maximum value increases as the chip thickness increases. This phenomenon is understandable since the thermal mismatch between the PBGA and the PCB is enlarged when the die becomes thicker. However, unlike the observation in the previous cases for the effect of chip size, it is noted that the increase in the global maximum effective stress and plastic strain is not linear with respect to the increase in chip thickness. This is possibly due to the shift of the neutral axis in the global bending of the whole assembly. Further analysis is needed to investigate the detailed relationship between the chip thickness and the stress/plastic strain in solder joints.
Besides the results shown in Figures 5 and 6 , other cases with a/A = 0.2, 0.3 and 0.4 were also studied. The global maximum effective stress and accumulated plastic strain in solder joints for all cases are summarised in Tables 2 and 3 , respectively. The general trend shows that, when the relative dimension (either thickness or width) of the chip to the BT substrate becomes larger, the global maximum effective stress and plastic strain in the solder joints increase. This indicates that a larger or thicker silicon die will reduce the solder joint reliability of PBGA packages. It should be noted that the values listed in Table 2 and Table 3 only imply the qualitative trend of effective stress and plastic strain in solder joints since the present study was a simplified 2-D analysis. It is necessary to establish a more sophisticated 3-D model with temperature-dependent material properties if quantitative results are required. Figure 7 presents the typical contour pattern of effective stress/plastic strain distribution in the solder ball underneath the edge of the chip. It is observed that the global maximum value appears at the upper right corner of the solder ball. A further investigation shows that the global maximum effective stress and plastic strain remain at the same location in the solder ball underneath the chip edge for all cases in the present study. A summary of the location of maximum effective stress in each solder ball is given in Table 4 for reference. This table may help to identify the location of initial failure in solder joints.
EFFECT OF SUBSTRATE THICKNESS ON PBGA SOLDER JOINT RELIABILITY
In the previous section, the effects of chip size and thickness on the reliability of solder joints were studied. Although the relative dimensions of the chip and the BT substrate were varied, the size and thickness of the latter remained constant. It is suspected that the absolute thickness of the BT substrate may also play a r¨°le in solder joint reliability. Therefore, a comparative study was performed to investigate the effect of the absolute thickness of the BT substrate. Figure 8 and Figure 9 present the profile of the maximum effective stress and the accumulated plastic strain in each solder ball, respectively, with two different BT substrate thicknesses. It is observed that the effective stress and plastic strain in the solder balls underneath the chip have been substantially reduced when the thickness of the substrate increases. This phenomenon may result from two contributions. On the one hand, the increase in substrate thickness can reduce the influence of silicon die on the local CTE mismatch. On the other hand, the neutral axis of global bending has been shifted due to the change of substrate thickness. Furthermore, the bending stiffness is a cubic function of the laminate thickness. Thus, the deflection of the thicker substrate is smaller than that of the thinner substrate. Although more detailed analysis is needed to characterise the aforementioned effects, from the preliminary results presented in Figures 8 and 9 , there is no doubt that the increase of BT substrate thickness will enhance the reliability of solder joints for PBGA packages.
A previous study6 was performed to investigate the life cycles of PBGA assemblies under thermal cyclic loading. The module studied was a 225-pin PBGA package. The temperature range is between 0°C to 100°C. The nominal life of 0.36mm and 0.76mm thick BT substrates is 7000 and 14,000 cycles, respectively. According to the Coffin-Manson equation, the life cycles are inversely proportional to the square of the plastic strain.5
In Figure 9 , when the thickness of the BT substrate is doubled, the global maximum plastic strain reduces from 0.005 (B=0.27 mm) to 0.0036 (B=0.54 mm). The square of the plastic strain ratio for these two cases is 0.52, which is very close to the life cycle ratio (7000/14,000) in the aforementioned experimental study. Although the substrate thickness and the thermal loading condition of the present study or not exactly the same as those in the quoted reference,6 they are close enough for the purpose of engineering estimation. From this comparison, the qualitative results and the conclusions of the present study are well justified.
CONCLUDING REMARKS
A 2-D computational analysis was performed in this study to investigate the effect of chip dimension and substrate thickness on the solder joint reliability of a PBGA assembly under uniform thermal loading. The effective stress and accumulated plastic strain in the solder were evaluated as an index for reliability. The general trend of the results obtained shows that the global maximum effective stress and accumulated plastic strain in solder joints increase if the relative dimension (either thickness or width of the chip to the BT substrate becomes larger. This indicates that a larger or thicker silicon die will reduce the solder joint reliability of the PBGA assembly. On the other hand, further analysis revealed that the increase of the BT substrate thickness can substantially suppress the effective stress and accumulated plastic strain in the solder joints underneath the silicon die. Consequently, the solder joint reliability would be improved. A comparison was made between the current analysis and other testing data in the literature for the effect of substrate thickness. The qualitative results and the above conclusion in this study are well justified. 
